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ABSTRACT: Even though(H2O)2 and (HF)2 are arguablythe mostthoroughly
characterized prototypesfor hydrogen bonding,theirheterogeneousanalogue H2O···HF
hasreceived relatively little attention.Here we reportthatthe experimentaldissociation
energy (D0) of this important paradigm for heterogeneous hydrogen bonding is too large by 2
kcalmol−1 or 30% relativeto our computed valueof 6.3 kcalmol−1. For reference,
computationalprocedures similarto those employed here to compute D0 (large basis set
CCSD(T) computationswith anharmoniccorrectionsfrom second-ordervibrational
perturbation theory) provide resultswithin 0.1 kcalmol−1 of the experimentalvalues for
(H2O)2 and (HF)2. Near the CCSD(T) complete basis set limit,the electronic dissociation
energy for H2O···HF is ∼4 kcal mol−1larger than those for (H2O)2 and (HF)2 (∼9 kcal mol−1

for the heterogeneous dimer vs ∼5 kcal mol−1for the homogeneous dimers). Results reported
herefrom symmetry-adapted perturbation theorycomputationssuggestthatthis large
difference is primarily due to the induction contribution to the interaction energy.

■INTRODUCTION
The dimers of H2O and HF are among the most widely studied
modelsystems forhydrogen bonding.The mixed dimerhas
received relatively little attention compared to its homogeneous
counterparts (H2O)2 and (HF)2, both of which have their own
CAS registry numbers(25655-83-8 and 30664-12-1,respec-
tively).The (H2O)2 dimeris particularly wellstudied,with
energeticsexamined by methodsup to coupled clusterwith
single,double,triple,and perturbative quadruple (CCSDT-
(Q))1 excitations and with vibrationalmodes examined by a
variety ofmethods,2 including localmodes.3 Recent computa-
tionalstudies have examined heterodimers ofHF with other
molecules,including CO,CO2, N2, Ar,and HCl.4,5This study
examines the heterodimer of HF with H2O. Although both HF
and H2O can readilydonatea hydrogenbond, their
heterodimerexhibitsonlyone low-energyconfiguration in
which thewatermoleculeacceptsa hydrogen bond from
hydrogen fluoride,6 denoted here as H2O···HF.

The investigation ofthe H2O···HF dimer as a prototypical
hydrogen-bonded system datesto 1969,when Kollman and
Allen performed the firstsemiempirical7 and laterab initio8

studies of H2O···HF.They predicted that a stable dimer would
form in quantities large enough to be investigated spectroscopi-
cally.Shortlythereafter,Hancockand Green9 studied the
deactivation of vibrationally excited gas-phase HF by H2O and
D2O. The high deactivation rate and the similarity between the
H2O and D2O rates led them to suggestthe formation ofa
complex or quasicomplex between HF and H2O, which lasted
for the period ofmany HF vibrations,in which vibrational
energy transfertook place.The existence ofthe H2O···HF
dimer was confirmed by microwave spectroscopy in 1975 with
the observation ofa low-frequency intermonomermode not
presentin the pure spectra ofeither monomer alone.10Later

thatsame year,an experimentalstudy by Thomasassigned
severalvibrationalmodesand made the firstattemptat the
determination of dissociation energies.11Investigations into the
rotational spectrum of the H2O···HF dimer found only a single
form in the gasphase:thatof waterasproton acceptor.6

However,it was not possible to discern whether the complex
had Cs or C2v symmetry.Subsequentinvestigationsof the
vibrationalspectrum determined thattheequilibrium con-
formation has Cs symmetry,with HF and O defining the plane
of symmetry (Figure 1).12The C2vstructure is a transition state
connecting two equivalentCs minima to form a symmetric
double well potential with a low barrier on the order of 0.5 kcal
mol−1.12

Additionalaspectsof theH2O···HF complexhavebeen
measured experimentally, including the dipole moment,6 the in-
planebendingpotentialenergyfunctionand barrierto
inversion,12 the nuclear-spin−nuclear-spin hyperfine coupling
constants,13a Fourier transform infrared (FTIR) spectrum in
argon,including evidence for inversion doubling of vibrational
peaks,14 and Stark effects in the rotationalspectrum.15 Force
constantsfor hydrogen-bondstretchingand out-of-plane
bending potentialswere found forthe H2O···HF complex16

and laterconfirmed byrepeating theexperimentwith the
D2O···DF complex.17 A second experimentaldetermination18

of the dissociation energy (D0) thatincludesthe zero point
vibrationalenergy (ZPVE) used a method based on intensities
of rotationaltransitionsnearroom temperaturein the gas
phase19,20to obtain a D0 value of8.2 ± 0.1 kcalmol−1. The
dissociation energy from geometric equilibrium (De) was back-
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calculated based on the harmonic approximation for assigned
modes and a quartic potential for the double well mode,giving
De = 10.3 ± 0.2 kcalmol−1. Thesearethemostcurrent
experimentally derived values for D0 and De of H2O···HF.

For the H2O···HF dimer,computationalwork21 provided
assistancefor the reassignmentof the experimental22,23

fundamentalfrequency for the HF bond stretch from 3608 to
3634 cm−1. This reassignment invalidated the D0 for H2O···HF
determined by Thomas,11as that value for D0 was computed
based on the intensity ofa mis-assigned HF stretch.After
reassigning this peak, Bulychev et al. suggested22that additional
experimentaland theoreticalinvestigation ofthe system was
needed,including additionalanharmonic calculations.There
have also been some more recenthigh-levelcomputational
investigations ofDe for the H2O···HF dimerdissociation.In
1999,Halkieret al. reported De = 8.5 kcalmol−1 from
counterpoisecorrected CCSD(T)and a two-pointextrap-
olation to the complete basissetlimit(CBS) from aug-cc-
pVQZ and aug-cc-pV5Z values.24 In 2007,Boeseet al.
determined the dimerization energy ofa numberof dimers
with the W2 method,giving De = 8.7 kcal mol−1for the H2O···
HF dimer.25Most recently,Demaison and Lié́vin26calculated
the dimerization energy at CCSD(T)/aug-cc-pV5Z as De = 9.0
kcalmol−1 and noted thatthere wasa significantdifference
between their results and the experimentalvalue for De. They
speculated that the deviation was due to the difficulty of reliably
modeling the vibrationalenergy for the double wellpotential
and noted that the experimentalD0 value seemed compatible
with their De value.These computed De values for H2O···HF
are considerably largerthan those found in the (HF)2

27 and
(H2O)2 dimers28(4.6 and 5.0 kcalmol−1, respectively).

The large discrepancy between the experimentally inferred
equilibrium dissociation energy (De = 10.3 kcalmol−1)18and
recent theory for the H2O···HF dimer is somewhat surprising
given thatthe experimentaldissociation energiesof the two
closely related homogeneous dimers (H2O)2 and (HF)2 were
welldescribed by CCSD(T) computationswith quadruple-ζ
quality basis sets when anharmonic effects were evaluated with
second-order vibrational perturbation theory (VPT2).29For the
(H2O)2 and (HF)2 homogeneouscomplexes,thatcomputa-
tional procedure provided computed D0 values within 0.01 kcal
mol−1 of the experimentalvalues for the latter and 0.06 kcal

mol−1for the former,while the differences between theoretical
and experimental donor stretching frequencies were 3 cm−1for
(H2O)2 and 1 cm−1for (HF)2.

The aforementioned experimentalD0 values for (H2O)2 and
(HF)2 were determined by vibrationalpredissociation (VPD)
methods.Other examples existin the literature,where D0 or
experimentally inferred De values from VPD ofsimilar weakly
bound complexesarein excellentagreementwith modern
theoreticalmethods,30 forexample,H2O···HCl31,32and N2···
HF.33,34When only harmonic ZPVEswere used,moderate
agreementbetween theory (CCSD(T) De and MP2 ZPVE)
and experiment(variousmolecularbeam techniques)was
found forD0 valuesfor 10 hydrogen-bonded complexesof
aromaticchromophoresand smallmolecules.35 Reasonable
agreementhasalsobeenfoundbetweentheoreticaland
experimentalVPD fragmentation patternsfor HCCH com-
plexes with HCl,DCl,HF,and OH radical.36D0 values for the
small-moleculetrimers(H2O)3 and (HCl)3 determined by
VPD also have good agreementwith modern computational
techniques.37,38For the (HF)2 and (HCl)2 dimers,a gas-phase
equilibrium methodbasedon intensitiesof vibrational
transitions39provided measurements in line with VPD results,
although VPD results had smaller error bars.40,41In contrast,
the most recent experimental D0 for H2O···HF was measured18

using agas-phase equilibrium techniquebased on absolute
intensities of rotationaltransitions.19,20For the similar HCN···
HF dimer,D0 valuesdetermined by absolute intensitiesof
rotationaltransitions19 or by relative FTIR intensities42 have
been later found to be significantly different from those given
by more reliable VPD techniques.43

To resolve the aforementioned disconnectbetween exper-
imentally and theoretically derived valuesfor De and D0 of
H2O···HF,the present study determines an accurate zero-point
corrected dissociation energy as well as fundamental vibrational
frequencies using similar methods to those that were successful
for (H2O)2 and (HF)2.

29 Theseresultscan be directly
comparedwith futureexperimentsto help resolvethis
discrepancy.Although severalgroups have reported De values
computed by high-levelmethods24−26and another group has
computed an anharmonicallycorrected HF stretchingfre-
quency,21 thiswork isthe firstto reporta fully theoretical
calculation ofD0 for the dissociation ofthe H2O···HF dimer
with ZPVE modeledby VPT2 with correlatedab initio
electronic structure methods and large correlation consistent
basis sets.

■COMPUTATIONAL DETAILS
The CFOUR package44was used to perform all of the coupled
clustercomputationsin thisstudy with single,double,and
perturbative triple excitations (i.e.,the CCSD(T)45,46method),
whereassecond-orderMøller−Plessetperturbationtheory
(MP2)47 calculationswere performed with CFOUR aswell
as Gaussian 09.48MP2 and CCSD(T) geometry optimizations
and harmonicfrequency calculationswereperformed using
analytic gradients and Hessians,with mixed basis sets,using
Dunning’scorrelation consistentbasissets49,50cc-pVXZ on
hydrogen atomsand the corresponding setaugmented with
diffusefunctions(aug-cc-pVXZ)on heavy(non-hydrogen)
atoms,with X = T,Q, 5 (abbreviated as haXZ).Additional
calculations were performed with Dunning’s fully augmented
basis sets aug-cc-pVXZ (with X = T,Q,5,6,abbreviated aXZ).
The subsetofdata obtained with the larger aXZ basis sets is
tabulated in the Supporting Information,and the results are

Figure 1.SelectCCSD(T)/ha5Z optimized bond lengths(Å) and
angles (deg) for the C2vtransition state (top) and Cs globalminimum
(bottom)of theH2O···HF dimerwith corresponding MP2/ha5Z
values in square brackets.
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very similarto those from the haXZ basissets.In addition,
second-ordervibrationalperturbationtheory(VPT2)51−54

analyses were performed with CFOUR to estimate anharmonic
effectsfor the minimum-energy structuresof HF and H2O
monomers and H2O···HF dimer.Force constants needed for
VPT2 were calculated numerically from finite differencesof
analyticsecond derivatives.55 Theseanharmonicfrequency
calculationswere performed with basissetsup to haTZ for
CCSD(T) and ha5Z forMP2. In all cases,the frozen-core
approximation was used,and spherical harmonic functions (i.e.,
5d,7f) were used instead of Cartesian functions.AllCartesian
forcesassociatedwith optimizedstructureshavebeen
converged to less than 1.0 × 10−7Hartree Bohr−1for structures
optimized by CFOUR and less than 1.0 × 10−5Hartree Bohr−1

for structures optimized by Gaussian 09.
The use of finite basis sets in the computation of dissociation

or interactionenergiesvia the supermolecularmethod
introduces an inconsistency commonly referred to as basis set
superposition error(BSSE).56,57The effectsof thisincon-
sistencywere assessedthroughthe applicationof the
counterpoise (CP) procedure for dimers.58,59

■RESULTS AND DISCUSSION

Optimized Structures.On the basisof therotational
spectrum of the dimer, a single form of the dimer is observed in
the gas phase.6 We find the same Csglobal minimum,with HF
as the hydrogen-bond donor.Another minimum,with HF as
the hydrogen-bond acceptor,is found at lower levels of theory,
such as RHF/STO-3G,but optimizations from that geometry
collapse to the global minimum with larger basis sets and post-
Hartree−Fock methods.Therefore,only the complex with HF
as hydrogen-bond donoris investigated here.The H2O···HF
dimercan movefrom theCs globalminimum (Figure1,
bottom) to a symmetry-equivalentCs minimum by traveling
through a planar C2vtransition state (Figure 1,top).

SelectMP2 and CCSD(T) optimized geometricalparame-
ters obtained with the ha5Z basis set for both stationary points
are provided in Figure 1.The MP2 and CCSD(T) values are
verysimilar.Even the differencesin the intermolecular
parameters do notexceed 0.007 Å and 0.3°.The deviations
between the haQZ and ha5Z results are even smaller,which
suggests the optimized structures are wellconverged.A more
completelist of parametersis tabulated in theSupporting

Information alongwith thecorrespondingCartesian coor-
dinates.

VibrationalFrequencies of the GlobalMinimum.The
MP2 and CCSD(T) harmonicvibrationalfrequencies
associatedwith bothstructuresare alsoreportedin the
SupportingInformation.The basissetconvergenceof the
harmonic vibrationalfrequencies for H2O···HF is very similar
to thatobserved forthe (HF)2 and (H2O)2 homogeneous
dimers.29 The presentstudy also revealsthathaQZ isthe
smallest basis set in the series that consistently provides MP2
harmonicvibrationalfrequencieswithin a few inverse
centimeters ofthe CBS limit values regardless ofwhether the
counterpoise procedure isapplied ornot (average absolute
deviation of 4 cm−1). MP2/haQZ harmonic frequencies give a
maximum deviation from CBS valuesof 8 cm−1 without
counterpoisecorrectionand 12 cm−1 with counterpoise
correction.

Reminiscent of the behavior observed for the homogeneous
(HF)2 and (H2O)2 dimers,29 the MP2/ha5Z and CCSD(T)/
ha5Z harmonic vibrational frequencies in the leftmost columns
of datain Table 1 arequitesimilarfor the low-energy
intermolecular modes (within 10 cm−1),whereas the deviations
are somewhat larger but stillless than or equalto 46 cm−1for
the intramolecular modes.Consequently,the harmonic ZPVEs
of the Cs minimum from MP2/ha5Z and CCSD(T)/ha5Z
frequency computations are virtually identical(22.09 ± 0.02
kcalmol−1). The harmonic frequenciesfor the Cs transition
state exhibits the same behavior,where the magnitude ofthe
difference is 39 cm−1for the HF stretching mode and less than
1 cm−1 for the imaginary mode.

For theCs minimum,fourdifferentsetsof anharmonic
corrections from VPT2 computations (ΔVPT2) are also listed
in Table 1.The MP2/haTZ and CCSD(T)/haTZ ΔVPT2
values never deviate from each other by more than 8 cm−1. As a
result,the corresponding anharmonic corrections to the ZPVE
differ by less than 0.02 kcalmol−1. Consequently,the MP2/
ha5Z anharmoniccorrectionsareused asa proxyfor the
CCSD(T)/ha5Z values,thereby avoiding numerous demand-
ing analytic CCSD(T) Hessian computationsfor the VPT2
procedure,includingsomeat reducedsymmetry.The
fundamentalfrequenciesand anharmonic ZPVE reported in
the lastcolumn ofTable 1 were obtained by combining the
harmonic CCSD(T)/ha5Z values with the MP2/ha5Z ΔVPT2
values.

Table 1.Harmonic VibrationalFrequencies (in cm−1) and ZPVEs (in kcalmol−1) for the Cs Form of the H2O···HF
Heterogeneous Dimer as wellas the Corresponding Anharmonic Corrections and Estimates from VPT2

harmonic ΔVPT2 correction VPT2

MP2 CCSD(T) MP2 MP2 MP2 CCSD(T) anharmonic

mode ha5Z ha5Z haTZ haQZ ha5Z haTZ estimatea

1 223 222 −46 −51 −53 −46 169
2 245 242 −34 −34 −33 −39 209
3 264 263 −79 −78 −79 −80 184
4 712 704 −105 −104 −103 −110 601
5 837 827 −113 −112 −111 −117 716
6 1634 1651 −54 −46 −59 −46 1592
7 3736 3782 −139 −145 −146 −138 3636
8 3835 3833 −167 −169 −170 −169 3663
9 3953 3936 −178 −180 −181 −183 3755
ZPVE 22.07 22.10 −0.50 −0.50 −0.51 −0.52 21.60

aCCSD(T)/ha5Z harmonic values with MP2/ha5Z ΔVPT2 corrections.
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The HF stretch associated with the donation of the hydrogen
bond has been the most thoroughly scrutinized ofthe H2O···
HF vibrationalmodes,both theoretically and experimentally.

In 2005,the experimentalHF stretch for the complex was
reassigned23to 3634 cm−1,and its change on complexation was
found to be −332 cm−1. In 1999, Silvi et al.21had calculated the
shift in HF stretch on complexation by MP3/6-311++G(2d,2p)
with and withoutCP correction,based on afourth-order
polynomialfit of energy points.WithoutCP correction,the
shift on complexation(−357cm−1) was closeto the
experimentalvalue (−354 cm−1) based on the mis-assigned
peak.The same procedure with counterpoise correction gave a
shift (−332 cm−1) equivalent to that for the reassigned peak.

Our fully anharmonic HF stretching frequency of 3636 cm−1

from CCSD(T)/ha5Z with VPT2 vibrationalcorrections from
MP2/ha5Z aligns well (within 2 cm−1) with the reassigned HF
stretching mode at3634 cm−1. The HF stretching frequency
with harmonicCCSD(T)/ha5Z and VPT2 vibrational
corrections from MP2/haQZ is also within 3 cm−1(Table 1).

The only resonance between modes reported by the VPT2
computationsin CFOUR at the MP2/haTZ,MP2/haQZ,
MP2/ha5Z,or CCSD(T)/haTZ levels was between the first
overtone ofthe out-of-plane HF libration (mode 5) and the
H2O bending fundamental(mode 6),which have CCSD(T)/
ha5Z harmonic frequencies at 827 and 1651 cm−1, respectively.
That overtone also had the most significant IR intensity ofall
overtones and combination bands computed with up to a total
of three vibrationalquanta,ranging from 66 to 147 km mol−1

depending on the method and basis set employed for the VPT2
computations.Only fiveotherovertonesand combination
bands had VPT2 intensities of at least 10 km mol−1. This group
consists of the overtones 3(2),4(2),and 5(2) along with two
combination bands 1(1) + 3(1) and 1(1) + 7(1),where the
integersin parenthesesdenotethe numberof vibrational
quanta forthatmode.These six VPT2 frequenciesand IR
intensities can be found in the Supporting Information.

Inversion Barrier.The study ofthe H2O···HF dimeris
complicated by the low inversion barrier between the two Cs
forms.Symmetricdouble-wellpotentialswith smallbarriers
have a fine structure, where all lines are doubled for modes with
energies below the barrier height,as demonstrated for the case
of NH3 inversion doubling.60−62Such splitting may be present
in the H2O···HF dimer.In the vibrationalspectrum of the HF
librationalmodes for the H2O···HF complex in a solid argon

matrix,Andrews and Johnson14saw evidence ofpeak splitting
due to inversion doubling and/ormultiple Arenvironments.
The experimentalbarrierfor theH2O···HF inversion was
determined12 to be 126± 70 cm−1 with theassociated
vibrationalmodeof 64 ± 10 cm−1. Each levelof theory
employed in this study gives an electronic barrier height that is
slightly smaller than the fundamental frequency of the inversion
mode. For example,at the CCSD(T)/haTZ level,the barrier to
inversion was 133 cm−1, and the associated VPT2 frequency
was 178 cm−1.Regardless of whether inversion doubling occurs
in the H2O···HF complex or not, the experimental data and our
computationalresultsindicate thatthe overalleffecton the
ZPVE contribution to the dissociation energy willbe small.

Dissociation Energy.Severalcomputationaldetermina-
tionsof D0 and De are shown in Table 2 along with the
experimentalvalues.18 Recenthigh-leveltheoreticalvalues for
Derange from ∼8.5 to 9.0 kcal mol−1.Our MP2 and CCSD(T)
Devalues obtained with the ha5Z basis set of 8.71 and 8.70 kcal
mol−1, respectively,fallin the middle ofthis range.The CP
procedureonly decreasesDe by ∼0.1kcalmol−1, which
suggests the results are close to the CBS limit,where BSSE
must vanish by definition.It is also noteworthy that for a given
basis set the MP2 and CCSD(T) De values differ by no more
than 0.03 kcalmol−1.

For furtherinsightinto the exceptionally large De of the
heterodimerrelative to the (HF)2 and (H2O)2 dimers,high-
levelsymmetry-adapted perturbation theory(SAPT) calcu-
lations63−67were performed for allthree systems to compare
the interaction energy contributions in terms ofelectrostatic,
exchange,induction,and dispersion contributions with SAPT2
+ 3(CCD) δMP2 using the haQZ basis set in the Psi4 software
package.68 Both the attractiveelectrostaticand repulsive
exchange componentsare much largerin the mixed H2O···
HF dimer,increasing in magnitude by ∼6 kcalmol−1each and
making contributions of opposite signs to the totalinteraction
energy.However,the increased stabilization in the H2O···HF
induction energy (>3.50 kcalmol−1) and dispersion energy
(>0.96kcal mol−1) yieldan interactionenergywith a
magnitude more than 4 kcalmol−1 larger than that for either
homodimer.(See the Supporting Information forthe SAPT
energy components in each dimer.)

To determine an accurate D0 for H2O···HF,harmonic and
anharmonic ZPVE corrections to De were calculated with basis
sets ranging from haTZ to ha5Z atthe MP2 and CCSD(T)

Table 2.Dissociation Energies (De and D0) and Various ZPVE Corrections (in kcalmol−1) for the H2O···HF Heterogeneous
Dimer

harmonic VPT2

De δZPVE D0 δanharm δZPVE D0

MP2/haTZ 8.83 −2.70 6.12 +0.24 −2.46 6.37
MP2/haQZ 8.75 −2.67 6.08 +0.24 −2.42 6.32
MP2/ha5Z 8.71 −2.65 6.07 +0.24 −2.40 6.31
MP2/ha5Z(CP)a 8.58
CCSD(T)/haTZ 8.81 −2.75 6.05 +0.25 −2.50 6.31
CCSD(T)/haQZ 8.74 −2.71 6.03 [+0.24]b [−2.47]b [6.27]b

CCSD(T)/ha5Z 8.70 −2.70 6.01 [+0.24]b [−2.45]b [6.25]b

CCSD(T)/ha5Z(CP)a 8.61
CCSD(T)/CBS(CP) 8.51 ref 24 (aQZ/a5Z extrapolation)
W2 8.69 ref 25
CCSD(T)/a5Z 8.97 ref 26
experiment 10.25 ± 0.19 ref 18 8.20 ± 0.07

aCP procedure only applied to De.
bVPT2 anharmonic shift to ZPVE (δanahrm) from corresponding MP2/haXZ computations.
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levelsof theory.The MP2 and CCSD(T) harmonic ZPVE
corrections to De in the second column of data in Table 2 are
quite similar(δZPVE valueswithin 0.05 kcalmol−1 of each
other for a given basis set).Of course,this is a consequence of
the trendsin vibrationalfrequenciesalready discussed.The
harmonic δZPVE corrections decrease Deby ∼2.7 kcal mol−1to
yield MP2/ha5Z and CCSD(T)/ha5Z harmonic D0 values of
6.07 and 6.01 kcalmol−1, respectively.

Intramonomer and intermonomer modes in the H2O···HF
complex have opposite contributions to δZPVE ofthe dimer.
The intramonomerharmonic vibrationalfrequenciesshiftto
lower energyupon complexation,which increasesthe
computed dissociation energy (De vs D0) by ∼0.5 kcalmol−1.
Conversely,the new intermonomerharmonicvibrational
frequencieshave the oppositeeffectand appreciably larger
magnitude (by roughly a factor of 4).An extended analysis and
discussion of δZPVE for dissociation in terms of the harmonic
frequencies for (H2O)2,H2O···HF,(HF)2,and their monomers
can be found in the Supporting Information.

Anharmonicity (δanharm in Table 2) slightly attenuates the
effectof the ZPVE on the dissociationenergy.VPT2
computations indicate thatthese anharmonic effects decrease
the magnitude of δZPVE by ∼0.24 kcalmol−1, thereby slightly
increasing D0 relative to the harmonic estimates.Note that the
MP2/haQZ and MP2/ha5Z anharmoniccorrections(δan-
harm) were applied to the corresponding CCSD(T) harmonic
δZPVE values to estimate the VPT2 δZPVE and D0 results at
the CCSD(T)/haQZ and CCSD(T)/ha5Z levelsof theory.
Nevertheless,the MP2 and CCSD(T) VPT2 D0 values remain
remarkably consistentat6.31 kcalmol−1 forMP2/ha5Z and
6.25 kcalmol−1 for CCSD(T)/ha5Z.

These anharmonicD0 valuesdiffersignificantly from the
most recent experimental determination of D0 (8.20 ± 0.07 kcal
mol−1).18 Althoughinversiondoublingcouldoccur(vide
supra),the related intermonomer mode is low in energy and
thuscontributesonly a smallamountto the overallZPVE
contribution to D0. (HF)2 also hasa similardouble-well
potentialfor the analogous mode,and CCSD(T)/haQZ with
VPT2 was found to be a good model for that system,giving D0
within 0.01 kcalmol−1of the experimentalvalue.According to
our calculations,thetotalanharmonicZPVE correction to
obtain D0 from De is ∼2.5 kcal mol−1for H2O···HF (Table 2).
This correction is substantialbut similar to the 2.1 kcalmol−1

difference between D0 and De given by Legon etal.18 For
comparison,previous work29has found a ZPVE correction of
1.6 kcalmol−1 for (HF)2 and 1.9 kcalmol−1 for (H2O)2. As
such,the large discrepancy between the experimentalD0 and
the values computed here cannotsolely be attributed to the
challengesof reliably modeling the ZPVE correction in this
system.

■CONCLUSIONS
The energies and frequencies of the H2O···HF dimer have been
calculatedwith the MP2 and CCSD(T) methodsin
conjunctionwith largecorrelationconsistentbasissets.
CCSD(T)/ha5Z computationsyield De = 8.70 kcalmol−1

and D0 = 6.25 kcalmol−1 afterincludingan anharmonic
ZPVE correction from an MP2/ha5Z VPT2 analysis.Results
from this levelof theory provide fundamentalfrequencies and
dissociation energiesappropriate forcomparison with exper-
imental values.On the basis of the very accurate description of
these quantities for (H2O)2 and (HF)2 by analogous theoretical
treatments,the 2.0 kcalmol−1 discrepancybetweenour

computed D0 and the experimentalvalue of8.2 kcalmol−1 is
unexpected for this very important prototype for heterogeneous
hydrogen bonding.Although the heterodimer is expected to be
more stable than either homodimer,8 our computations show
that the heterodimer D0 is approximately twice as large as that
for eitherhomodimer(6.3 vs∼3.0 kcalmol−1). Thatratio
approaches 3 with the current experimental D0 value for H2O···
HF (8.2 kcal mol−1). It is suggested that the experimental value
of the dissociation energy be redetermined forthisdimer,
because it is 30% larger than our best estimate reported in this
study.A SAPT analysissuggeststhatinduction isprimarily
responsible forthe significantincrease in De for H2O···HF
(∼8.7 kcalmol−1) relative to the values for (H2O)2 or (HF)2
(∼5.0 kcalmol−1and ∼4.6 kcalmol−1, respectively).27,28
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